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SECTION I 


PURPOSE 


This program is intended to study the feasibility oi high-dielectric - 
constant materials as resonators in microwave filters, and to obtain de¬ 
sign information for su .h filters. Resonator materials shall be selected 
that have loss tangents capable of yielding unloaded Q values comparable 
to that of waveguide cavities. The materials shall have celectric con¬ 
stants of at least 75 in order that substantial size reductio .s can be 
achieved compared to the dimensions of waveguide filters having the 
same electrical performance. 




SECTION II 


ABSTRACT 

Ths serious effect, of air gaps on the measurement o : ligh 
dielectric-constant values is discussed. Two measurement techniques 
are described in which air gaps are made to be insignificant sources 
of error. Both methods utilize resonant modes having zero electric 
field at dielectric-sample surfaces adjacent to metal walls. In the 
first method, a cylindrical sample is placed in a. close-fitting metal 
waveguide and resonateci in the TEqj^ mode. The air-filled regions 
of the .vaveguide on each side of the sample are cut off for the TE^j 
wavs so that inappreciable loss of resonant-mode energy occurs. In 
the second method, a cylindrical dielectric sample is placed at the 
center of a metallic radial-line pill box. The flat faces of the sample 
are in contact with the flat walls of the radial line. In this case, also, 
a circular-electric TE,- j mode resonance is excited, and th° electric 
field is zero on the sampl-' surfaces. Practical techniques of identify¬ 
ing and measuring the desired resonant frequences are explained, and 
exact formulas yielding the dielectric constant are given for both meth¬ 
ods. Data obtained bv these methods sre presented, and the effect of 
density variation is discussed. 

The parameters affecting coupling between dielectric resonators 
are explained. The basic ; are rrtg-ietic dipole 

stored energy and resonant frequency of the rrsonat .r, and H-.p dim- - 
sions of the surrounding enclosure. Formulas a*-e arrived for the i g- 
netic dipole moir.en: and stored energy cf the dielectric resonator. A 
generalized formula for coupling coefficient between two magnetic- 
dipole resonators is derived, and then p-.iticuiarized for the case of 
dielectric resonators spaced along the center-line of a cut-off rf ;- 
tangular waveguide. 



Two pairs of dielectric resonators and three different sizes of 
waveguides were used to obtain six sets of coupling-coefficient data. 
The plotted curves can be utilized for design purposes. The measured 
/alue^ are compared to curves computed irom the coupling-coeffic’ it 
tormula. The agreement is within ±10 per cent for spacings exceeding 
about three-quarters of the larger of the two waveguide cross-section 
dimensions. .For smaller spacings, the formula deviates from the 
measured data due to neglect of higher-mode coupling terms in the der 
ovation. An attempt will be made to add these terms at a later date. 

In the range of validity of the coupling formula, the accuracy is ade¬ 
quate for ordinary design purposes. 




SECTION HI 


CONFERENCES 

On 31 January 1964 a conference was held at the Sign i Corps 
Laboratory in order to discuss jl rogress during the second quarter 
and plans for the third quarte . Those attending were J. Agrios, 

J. Charleton, N. Lipetz and E. A. Mariani of the Signal Corps, and 
S. B. Cohn of Rantec Corp. Results to date indicate utilization of 
dielectric resonators to be a worthwhile technique in compact micro- 
wave filters. It was recognized that temperature-stable materials 
must be made available before this technique can become fully practical. 





SECTION IV 


FACTUAL DATA 


1. Introduction 

The First Quarterly Report^ discusses the nature of dielectric 
resonators and describes how such resonators may be used in micro- 
wave filters. The introduction to that report should be consulted for 
background information, and for a discussion of problems to be solved 
before dielectric resonators can be used in practice. 

The accurate measurement of dielectric constant and loss tan¬ 
gent is a basic problem. The materials of interest in this program 
have dielectric constants in the vicinity of 100, which makes the meas¬ 
urement of dielectric constant highly vulnerable to even very small air 

Two methods of measurement are described in detail chat are 
virtually unaffected by ^ir gaps. The dielectric-constant values yielded 
by these methods are believed to be within a half of one per cent, and 
certainly within one per "ent. Although loss tangent (tan 6) can be 
obtained by the?.- methods,, more accurate results are achieved by 
measuring the unloaded Q (Q u ) of a dielectric resonator in a large 
propagating waveguide (see the First Quarterly Report for details) and 
then utilizing the approximation tan i - I/O . - ' ;. —n T '<*e- 

lects electric stored energy jAiernai to U.e i esonator and losses or. 
surrounding metal walls, but these sources oi error of." 'e* •*. air- 
small in the cases of interest. 

Practical filter design requires data on resonator coupling. 
Because of the large number of pa-arreters involved, it is not feasible 
to obtain a quantity of experimental oata adequate for all needs. There¬ 
fore, it is essential to have a formula *or coupling coefficient that is 
sufficiently accurate and simple to be p'acticul for ordinary design 
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purposes. An analysis of coupling was carried out during the second 
quarter, and is treated in this report. The resulting formula meets 
the dual goals of accuracy and simplicity. However, the neglect of 
highei-order coupling terms limits the formula to coupling coeffici.--ts 
less than about 0. 02. By adding more terms, an extension of the range 
of validity should be possible, permitting closer spacings and there¬ 
fore larger coupling coefficients. The analysis in this report is suf¬ 
ficiently general to lay the groundwork for this extension. Also, the 
formulas for magnetic dipole moment, stored energy, and generalized 
coupling will prove useful for other computations to be made later. 

A series of coupling-coef f ’eient measurements were made in 
order to provide some initial design data and enable the accuracy of 
the coupling formula to be ascertained. In the range of validity of the 
formula, the agreement was within ±10 per cent. 

2. Dielectric Constant Measurement 

a. Method Chosen for Microwave Measurement of High 

Dielectric Constants 

At dc and low frequencies, the determination of dielec¬ 
tric constant is usually based on measurement of capacitance or capac¬ 
itive reactance of a parallel-plate capacitor containing the dielectric 
under test. At microwave frequencies, the dielecti .--.oustant is ecu-, 
mined through measurement of the effects of the enhanced capacitance 
produced by the dielectric material. These effects include o -uang*- ... 
velocity of propagation in a dielectric-loaded msmission line, a 
change in the resonant frequency of a dielectric-loaded resonant cavity, 
and reflections at the boundaries. However, the new capacitance or 
capacitance per unit length is unpredictabiy introduced if electric field 
lines pass through the dielectric to the conducting boundaries by way of 
irregular o.r unknown air-gaps. 


-6- 





rv); 


< *¥ 




*** *■ 

tV* r e 1 




■ «**■»»«. « fft 




Figure 2-1 illustrates the 
parallel-plate-capacitor case, in 
which the electric field passes 
through the dielectric ar.- che air 
gap. Air gaps of average thickness. 


t , will exist in practice, unless all 


Figure 2-1. Dielectric Capaci- mating surfaces are perfectly smooth 
tor with Air Gaps and flat. Alternatively, a conductor 

may be plated on the dielectric sam¬ 
ple as a defense against air gaps. Fai'ing to do either, the effective 
capacitance of the series combination of dielectric capacitor and air 
capacitor is proportional to ■ 


'total t, + 2t e 
d a r 


where is the true value of relative dielectric constant. However, 


neglect of the air-gap effect might lead to computing an incorrect value 


e^. from 


'total ~~ t. + 2t 
J a 


Setting Eq. 2-1 equal to Eq. 2-2 and sol'":. c 


In the present program we are concerned with samples for which t. is 


on the order of 0. 1 inch and e is on the o.Jer of ICO. Because of sur- 
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face roughness, imperfectly parallel sv faces, etc. , t is expected to 
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approach 0. 0001 inch despite considerable care. Thus the ratio of in¬ 
dicated to true e is on the order of 0.833. Re-stated, we find that for 
r 

the case of interest an indicated dielectric constant 17% lower than ac¬ 
tual w.ill result from the presence of difficult-to-avoid air gaps as •. iall 
as 0. 0001 inch. The above described effects also operate in a resonator 
or transmission line when the normal component of electric field, E^, 
is not zero on the dielectric surface. 


Two methods by which the above difficulties may be 
avoided at microwave frequencies are based on resonator configurations 
operating in modes for which = 0 on faces of the dielectric sample 
adjacent to metallic surfaces.. This approach is far more practical and 
economical than metal plating of surfaces of the sample,, or extreme 
dimensional tolerancf s on sample and holder. In the first method, a 
sample in the shape of a right-circular cylinder it resonated in a close- 
fitting circular waveguide that is below cutoff in its air-filled regions. 
The second technique is similar except that the transmission line used 
is a radial waveguide. In both cases, the resonant mode of interest is 
one in which the E-field is parallel to dielectric surfaces and practi¬ 
cally zero in air-gap regions. 

b. The Circular Waveguide Dielectrometer 


Figure 2-2 illustrates the geometry O' me circular wave¬ 
guide dielectrometer. Note the similarity to the conf’gurat’~r. aescribed 



in Figure 2-4 of the 1 Duart-.^y 
Report of .1. s series. * The hypo¬ 
thetical magnetic-wall waveguide 
boundary described there is re¬ 
placed by an electric-wall (metallic) 


waveguide ’c-.mdary. Exact solutions 


for resonance a^c readily obtained for 


Figure 2-2. The Circular Wave¬ 
guide Dielectrometer 














the present case. Thus, determinations of are rossible after meas¬ 
urement of the resonant frequency of a sample of known dimensions when 
the resonant mode is such that air gaps are unimportant. 

The lowest-order mode resonance for which the normal 

electric field, E , is zero over the surface of the dielectric, as re- 
n 

quired to make air-gap effects negligible, is the TE^j^ resonance. 
Assuming negligible losses, the admittances at the surface of the sam¬ 
ple in the planes Z = ±L/2 are purely susceptive. Resonance occurs 
when 

B a + B d = 0 (2-4) 

The air region is designed to be below cutoff and thus presents a nor¬ 
malized susceptance equal to the characteristic admittance of the air- 
filled waveguide, as follows. 

(2-5) 

Equation 2-5 implies that the cut-off waveguide extends to plus and minus 
infinity. In practice,, insignificant error is incurred when the air-filled 
waveguide is terminated at a length at which the evanescing wave is at¬ 
tenuated by >30 db. Looking into the diolectri' - 
normalized susceptance of 

B d =^-tan^i (2-6) 

g 

Where, m Eqs. 2-5 and 2-6,, 

\ - free space wavelength at the resonant frequency 
D - diameter of waves : de, ar.J of sample 
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These equations are readily derived from transmission line equations 
given by Marcuvitz. ^ 


Equation 2-4 is a transcendental equation that may be 
solved for since all other quantities involved may be measured di¬ 
rectly. Employment of this technique presents a few practical prob¬ 
lems. The principal problem is recognizing the TE^^ mode amidst 
the TEjj^, the the TMjjg, etc., resonances that also appear. 

The solution to this problem points out an additional reason for using 
the TE 01 mode. It is the only mode that does not produce longitudinal 
currents on the conducting walls of tne circular waveguide. Thus, when 
the two bored blocks shown in Figure 2-2 are separated slightly, the 
TEgjg resonance is only minutely affected while the other resonances 
are markedly affected. In practice, this TE^,^ resonance recognition 
technique operates \ery effectively after brief practice on the part of 
the user. Note that the test sample is not centered on the gap. This 
is done to avoid the standing wave current null that occurs at the center 
of the sample. 


Two pairs of bored blocks were fabricated, "-res 
0. 2344 and 0. 3438 inch were chosen to handle -1 e variety of dielectric 
samples on hand. A further objective of using two diameters was to 
demonstrate that there are no second-order effects that might atfect 
the accuracy as D/h varies. Finally,, the use of two values of D aided 
determination of any frequency depender.-e of d.*. dielectric constant 
of a given batch of material. 
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Figure 2-3 illustrates the 
laboratory set-up employed to ob¬ 
serve the resonances of samples 
placed in the circular aveguide 
dielectrometer. The probes, 
which couple to the structure, are 
formed by exposing roughly 3/16- 
inch of the end of the center con¬ 
ductor of a small diameter rigid 
coaxial line. The exposed center 
conductor is bent and the coaxial 
line inserted so that a section of 
the probe's length is parallel to 
a desired electric field line. The choice of transmission versus reflec¬ 
tion observation of resonances is a matter of user's preference. The 
instrumentation shown in Figure c-3 is suitable for either. So great is 
the attenuation per unit length in the cut-off waveguide enclosing the probe 
that the probe is rather close to the sample when resonances are visible 
on the oscilloscope. When the probe is moved st’U closer without af¬ 
fecting the resonant frequency, one can be sure that there is no effect 
of the probe on the resonant frequency of the sample. Since the die¬ 
lectric constant of the material to be tested is usually known approxi¬ 
mately, the process of detecting the TE n , rrode resonance is aided if 
the resonant frequency is C'mc"*-ed to direct ch- operator's attention 
to the correct portion of the frequency sweep. 

An initial test with a sam; ie having D - 0. 3434 inch and 
L = 0. 1184 inch produced a figure of - 86. 9 for a polycrystallme 
TiO^ sample supplied by American Lava Corporation. The diameter 
of this sample was reduced to 0.342^ inch to illustrate the insensitivity 
to air-gap size- As expected, tc. res-j.io.ut frequency did not change as 
far as observation with the aid of a high Q cr.c.ty frequency meter could 



Figure 2-3. Laboratory Instru¬ 
mentation for Observation o^ 
Resonances 







show. The insensitivity to air-gap size, or the case where E^ = 0 on 

the sample's surface, may be visualized by noting that the cut-off wave- 

lengrh of the dielectric loaded TEqj circular waveguide is as follows 

when t /D is small, 
a 

X = 0. 820 (D + 2t ) s/e~ (2-7) 

c a r 

Equation 2-7 results from a s.mple application of perturbation theory., 

D is the diameter of the sample and t is the thickness of an air gap 
assumed to surround the sample. The error ir. Eq. 2-7 is proportional 
to (t /D)"’, and is very small. Thus, if the diameter of the waveguide 

a 

surrounding the sample is used for D in Eqs. 2-5 to 2-7, the effect of 
a small air gap will be negligible. 

Four samples (Aj through in Table 2-1) from a given 
batch of relatively pure polycrystalline TiO^ were ground to nominal 
diameters of 0.2340 or 0.3434 inch. These samples were selected 
from a large group supplied by American Lava Corporation. The die¬ 
lectric constant computed from measured TEpj^ resonant frequencies 
(5834, 5580, 75S5, 5532 Me for Aj to A^,, respectively) varied from 
€„ = 78. 2 to E r = 86. 9. These results caused initial surprise since all 
the samples were claimed to be Irom the same mix and pressed on thr 
same machine without undue time lapse. A review of technioues 
used in determination of reaffi- . ’ ‘hi exper‘at of fractional 

per cent accuracy. After a careful remeasurement _f the hmensior- 
of .he samples, each was weighed on an analytical balance, fhe com¬ 
puted densities showed considerable variation and explained the varia¬ 
tion in e^. Figure 2-4 shows the ox the four samples related to the 
density of each. 

With confidence in the u^, fulntoS of the circular wave¬ 
guide dielectrometer justified, a sample from Rantcc's more limited 
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Figure 2-4. Measured Dielec¬ 
tric Constant Values Related to 
Sample Densities 


supply of U3AERDL polycrystalline 
TiO^ was ground to 0.3434 inch diam¬ 
eter and 0. 140 inch length (Sample Sj 
in Table 2-1). The die! 1 .trie constant 
was computed from tiie data to be 97. 6 
at 72°F and 5024 Me. There was no 
indication that the dielectric constant 
is seriously frequency dependent, but 
the temperature dependence was evi¬ 
dent though not measured. 


TABLE 2-1 


IDENTIFICATION OF POLYCRYSTALLINE TiC> 3 SAMPLES 


Sample 

Source 

D 

(inch) 

L 

(inch) 

Density 

gm/im 

A 1 

American Lava Corporation 

0.3435 

0.1180 

61.29 

A 2 

American Lava Corporation 

0.3427 

0.1183 

64. 34 

A 3 

American Lava Corporation 

0.2342 

0.1162 

64. 69 

A 4 

American Lava Corporation 

0.3433 

0. 1185 

65. 01 

S 1 

USAERDL 

0.3432 

0.1400 

65. 63 
_ 


Tr.e density variation observed ”ith sc-opies l~-rr< 
given batch of material points up the importance o: - n.gh level of 
quality control in every step of the compounding and pressing of ooly- 
crystalline samples. 

c. Radial Waveguide Dielectrometer 

The circular waveguide dielectrometer places a marked 
constraint on the diameter of the same’ ■ to be tested. The radial 


-13- 











Figure 2-5. The Radial Wave¬ 
guide Dielectrometer 


waveguide dielectrc-meter does not 
present this problem and thus offers 
greater freedom in sample selection. 
All that is needed is a parallel- iate 
region whose spacing is set by the 
length of the right-circular cylindri¬ 
cal sample- Auxiliary structure to 
keep the plates parallel is useful. 

In the experiments to be described, 
the upper plate was the face of a 

close fitting piston in a cylinder terminated in a surface hat formed the 
bottom plate. (See Figure 2-5. ) Again, it is necessary to limit concern 
to modes for which = 0 over the surface of the sample. The TEqj 
mode in radial waveguide satisfies this condition. (The subscript 01 
denotes zero variation of the fields from p - 0 to 2 it, and a single max¬ 
imum in E, between z = 0 and z = L. It should be noted that the radial 
4 > 

waveguide modes are not generally described as TE or TM. Generally, 
radial waveguide modes are hybrid with respect to held components in 
the propagation direction, r. ) The usefulness of the unit for determining 
is based on observing the frequency of the TE^j mode resonance in 
the dielectric 

cutoff in the air-filled region of Figure 2-5. 


sample under the condition that the TE 0 , mode is below 


Equation 2-4 still 


the 


' sonar.ee condition. 


but now 


B - K 
a a 


( 2 - 8 ) 


and 


, _ k /V k , d/2 '\ 

•d - K d\J7ir Q :,7T,/ 


(2-9) 
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where both B and B , are normalized in the same manner. Here 

eL U 



k = free space phase constant = 2tr/\ 


( 2 - 10 ) 

( 2 - 11 ) 


b = sample height, L 

The Bessel functions of the first kind and of order zero and one are in¬ 
dicated by J Q and respectively. The admittance indicated by Eq. 2-iO 
applies to an infinite radius of cut-off waveguide. Practically, the at¬ 
tenuation per unit length is such that negligible error occurs when the 
line in terminated at a radius of one inch or so.. 


In operation of the radial waveguide dielectrometer unit, 
a simple probe is inserted to couple as loosely as will allow adequate 
resonance indication on the oscilloscope. The sample siies were such 
that the field attenuation in the air-filled radial line region outside of 
the sample is on the order ot 20C db/inch for the TEqj mode. Probe- 
to-sample spaemgs as small as an eighth o f an ir.rh were found tc . ive 
good resonance indication ;hif'.ina of -resonant free : . 

The probe coupies to a multiplicity of modes. Many 
resonances are visible on the oscilloscope.. All of the resonances of 
the several Z type (Z t 0) racial waveguide modes are easily eliminated 
by noting which resonances move lower frequency when pressure on 
the upper plate reduces the minute air gaps due to surface roughness 
(without measurable change in t.-j. plat., fpacir.g). The pressure pro¬ 
ducing the effect is far less than required to mechanically deform the 
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resolved. In addition to the possibility that measurement errors have 
different effects on the two methods used,, there is the possibility that 
the temperature of the laboratory was, in fact, quite different during 
the two sets of measurements. The 72°F temperature repo ed above 
for both sets of measurements is based on the laboratory thermostat 
setting. A recent check shows that a variation of ±4°F was possible. 
Inhomogenities in the pressed samples or effects of slightly non¬ 
parallel faces on the samples also seem to be liKely causes. The field 
distribution in the samples are quite different in the two resonance 
modes though circular electric field lines are common to both. What¬ 
ever the cause of the discrepancy, Sample is the most serious ex¬ 
ample. Attention will be focussed on Sample A^ for the diagnostic 
work planned. 


One important consequence of the dielectrometer results 
relates to the findings surnmarizud in Figure 2-5 of the First Quarterly 
Report of this series With metai boundaries far removed,, the calcu¬ 
lated and measured resonant frequencies of various samples ofUSAERDL 
TiO^ disagreed by approximately 10 per cent when was assumed to be 
100 in the calculations. The disagreement was reduced when the die¬ 
lectric constant was assumed to be 83.8. The present dieles irometer 
measurements have established that the e r of the material in question 
is not less than 97. Thus,, one may conclude that the second-order 
TE 01/ . solution is inadequate for accurate c.o’n->ut<uions of th^ ’•r-..- 
nant frequency of dielectric resonators m free SDace 

3. Analysis of Dipole Moment,, Stc.. d Energy,, and Coupling 

a Parameters Affecting Coupling 

In order to utilize diele< : -;c. resonators in a band-pass 
filter, it is necessary to couple the desired number of resonators to 
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each other, and to couple the end resonators to terminating transmission 

lines or waveguides. The bandwidth, pass-band response, and stop-band 

response depend upon the coupling values and number of resonators, as 

ii the case of any other type of multi-resonator filter. Formulas c- ist 

in the literature for computing the required coupling values to achieve 

the required bandwidth with maximally flat or equal-ripple response 
4 5 

shape. ’ In this report, a formula is derived relating the coupling co¬ 
efficient between a pair of resonators to the physical and electrical par¬ 
ameters of the dielectric resonators, their center-to-center spacing, 
and the dimensions of the surrounding structure. 


MAGNETIC OiPOLE AXIS 




'■metal-wau.co 

WAVEGUIDE, < c >f„ 


Figure 3-1. Coupled Dielectric 
Resonators Inside a Rectangular 
Metal Tube 


Figure 3-1 shows the ar¬ 
rangement considered. The res¬ 
onators are assumed to be cylin¬ 
drical disks on the center line of 
a cut-off waveguide. The wave¬ 
guide serves as a shield, prevent¬ 
ing radiation loss and undesired 
coupling to external fields- The 
rotational axes of the disks are 
in the direction of the transverse a 


dimension of the waveguide. As 
discussed in the First Quarterly 
Report, the external field of the fu-i' l -''"ii‘n t al reso,i«.-.t mode resembles 
that of a magnetic dipole directed along the axis of th» disk because 
of this fact,, an energized resonator will excite a TE.g-moo. wave. 

The amplitude of this wa\ _ attenuates with lon 6 x .udinal distance, since 
the waveguide is used below its cut-off frequency. The H field of the 
wave excites the adjacent resonator, resulting in magnetic coupling 
between the pair of resonators. Because of the exponential decay of 


the TEj„ mode, coupling between nona d;-> cent resonators can usually 
be neglected. 
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The coupling geometry of Figure 3-1 appears to be par¬ 
ticularly useful. Certain other band-pass configurations that may be 
of value will be considered in later repoi s. Another important case 

is identical to Figure 3-1, but with X. < 2a, or f >f . In ib . case 
6 o o c 

the TEjq mode propagates without attenuation. The re suit is a band- 
rejection response rather than band pass. This will also be studied in 
a later report. 


As will be apparent from the analysis, the basic param¬ 
eters of a resonator influencing its coupling to another resonator are 
its magnetic dipole moment, stored energy,, and resonant frequency. 
Computation of the magnetic dipole moment and stored energy require 
a knowledge of the internal and external fields of the resonant mode. 
These fields are not known exactly, but are approximated d> the second 
order solution treated in the First Quarterly Report. These second 

order field functions will be used for the calculations in this report. 
Fortu.iately, the resulting coupling-coefficient value appears to be 
quite insensitive to variations in the assumed fieid. The resonant fre- 

l 

quency may be computed by the second-order formulas, ' or may be 
measured. The experimental data in the First Quarterly Report shows 
measured resonant frequencies to be about ten per cent greater than 
second-order theoretical fiequencies. The measured coupling coef¬ 
ficient values described later in this repo r* ^ 2 “ Xptt with calculated 
coupling values when mease ’ ' equer.ci^ 5 .-..-c Used in the co; iputauor 

b. Magnetic Dipole Moment 

The magnetic dipole moment m is defined in terms of an 
el ;ctric current distribution as follows : 1 

, ... m = * fff R r . dv (3-1) 

~ ~ J J J ~ 
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where R is the vector distance from an arbitrary fixed reference point, 
t is the current density, and the integration is performed over a volume 
enclosing the current distribution. MKS units are used throughout this 
repor-., and symbols such as p o , e Q , e r . E, H, B, D, etc. , are as 
usually defined in modern textbooks. ^ The wavy line under a sym¬ 
bol denotes the symbol to be a vector quantity. 

In the case of a small conducting loop carrying a current 
1, Eq. 3-1 reduces to the following simple formula: 

m = AI (3-2)1 

where A is the area of the loop. The direction of the dipole is perpen¬ 
dicular to the plane of the loop. Equation 3-2 is commonly used as the 

g 

definition of a magnetic dipole. 


Equation 3-1 can be applied to the case of a dielectric 
resonator, even though a real flow of electric current does r.ot occur. 
The following equation of Maxwell shows that the displacement current 
juD and the electric current i are intercnangeable insofar as excitation 
of magnetic field is concerned. 

VXH = l + iwD (3-u 


Therefore, ji_E> = j_sE may be sub; * ...d for . :r' E; f 1 as follows 


m 



- RxE 
r ~ 


cv 


(3-4) 


If the electric field function of a given dielectric-resor.ator 
mode is known, the magnetic dipole moment may be computec from 
Eq. 3-4. Since E of the resonant mode exists outside of the cielectnc 
body as well as inside,, the integration rigorously should be performed 
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over the infinite outside volume in addition to the internal volume. 
Fortunately,, the external electric field is less effective than the in¬ 
ternal field by the factor 1 /e r % 1/100, and furthermore it decays 
rapidly with distance. Thus, the contribution to m of the ex' rnal 
electric field is very small. 


A cylindrical resonator body and the fundamental cir¬ 
cular electric mode, TEqj^., will now be assumed. With reference 
to Figure 3-2, the electric field vector is in the 8 direction, and is a 
function only of r and z. : By symmetry considerations, m has the 
direction of z, and thus Eq. 3-4 becomes 


m 



r d0 dr dz 


or, after integrating from 8 = 0 to 2it, 


•'oils 


r 2 Eg dr dz 


Before Eq. 3-5 can be eval¬ 
uated, E„ as a function of r and z 
u 

must be Known. Because tie exact 
function is not known and cannot 
feasible re laicuiatec, tne _ 

order solution wil‘ usee as ar. 
approximation, ’’...is apprexima n 
ass-.-ies the cylindrical dielectric 

Figure 3-2. Coordinate System bod '-’ to fae enclosed in an infinitely 
for Dielectric Cylinder long magnetic-wali waveguide having 

the same cross section as the die¬ 
lectric body (Figure 3-3). For ♦he fun’'-.mental TE n , . mode of reso- 
nance, the fields in this boundary are completely represented by prop¬ 
agating TEqj waves in the dielectric i . ion and attenuating TE 0 , 



waves 
















D = 2o 0 -- 



Figure 3-3. Dielectric Cylinder 
in Magnetic-wall Waveguide 
Boundary 


in ths air regions. This 7 E Q j mode 
in a magnetic-wail waveguide is re¬ 
lated by duality to the TMq, mode in 
an electric-wail waveguide,, that is, 

E in the first case is proportional to 
H in the second case. Since the sec¬ 
ond case is well known, Eg of the 
TEqj mode in a magnetic-wall wave¬ 
guide may be written at once as 
follows: 


J l (k c r) 

E Q = E f(z) y 7 for 0 < r £ a , E„ - 0 for r > a (3-6) 

“ O o ] 'Pa ] ) O ' 0 O 


, p oi ^01 

c' ' a D 

o 


and is the first positive root of 


J o ( Poi> = 0 

Therefore,, 

Poi = 2,405 

The function f(z) is as follows in the dielectric region 

—I_i JL 

f(z) = cos 5^z for s z < 


(3-7) 


(3-9) 


(3-10) 
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and as follows in the air regions 


f(z) = cos 



-Oa(|z|-L/2) L 

e for |z j 2 y 


(3-11) 


Equations 3-10 and 3-11 provide the necessary continuity of f(z) at 

z = ±L/2.. Note that E is the electric field value at r - a , z = 0. 

o o 

Equations 3-5 and 3-6 give 


j2n'_e E 
__ o o 

V P 01^ 


(z) dz 


r Jj(k c r) dr (3-12) 


z = 0 


r-0 


Symmetry allows integration with respect to z to extend from z = 0 to x 

instead of —* to «. A factor of *■ !..as been inserted to compensate for 

this change. In the uirection of - r . on *s extended only to r = a^, 

since the secor.d-order solution assun.es zero fields for r >a . 

o 


p. 14o 


:o 


The following integral is obtained from Jahnke and Err.de, 


Jx 2 J j(x)dx = x^ 


(x) 


(3-13 


Therefore, 

a 


r J (it r) dr = -2— J U a ) = —— J 't, 
i c * 2 c o o. 2 • 


(3 - »■») 


where Eq. 3-7, o A , = k a , was used. N'"* aoolv the following 
• 01 c o • - • 

sic.n formula (Jahnke and Emce o. 144' 


2n 


n+1 


(x) = (x)-!,'-'- 


(3-15) 
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therefore, 


J 2 (p 01 ) = p Q1 J 1 (P 0! ) J 0 (p 01 ) = p n| J l (p 01 )i 


01 


(3-16) 


since J n {p..) = 0 by definition of p r 


Equations 3-12, 3-14, and 3-16 yield 


j4TTi.a € E f 

o oo...., 
m = -2- I - r t(z) az 

-Po,l > 


(3-17) 


Now use the following relations 


I a 

= i / — = 120r 

V e o 


(3-16/ 


2 - 1 1 


13-19) 


Thus, 


3_ 

-a il 

o o 


* J l 


:(z/ cz 


13 - 20 / 


Int -gration of tne f'_) functions given bv Eqs. 3-10 and 3 1 - :s stra.gr.:- 
forvird. The result is as follows with £ - l .r. the z = L 2 to = region. 

r “ 

^D 3 I.e r E o 

m - -r 

Note that when S,L 2 is small ar.d £ .nra-c, the Quantity within the 

g r 

©rackets approaches unity. 


? d L 


- i 

2 "d 

cos —*— 


T 


(3-21) 
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c. 


Stored Energy 


At resonance, the instantaneous oeak values of magnetic 
stored energy and electric stored energy W are equal. , The equal¬ 
ity of magnetic and electric energies is often used to define resonance. ) 
These energy quantities may be computed from 


and 




JIK dv 

JiK* 2 - 


(3-22) 


(3-23) 


where integration is performed inside and outside the cieiectric reso¬ 
nator body. The material is assumed here to be nonmagnetic that is. 

u - u in both regions Since V. and W are ecual at resonance, either 
o a it. e 

Eqs. 3-22 and 3-23 may be usee for the stored energy computation 
Equation 3-23 is preferred, since the nigh -.aiue of resu.ts m most 
of the eiectnc energy oemg inside the dielectric oocy. where the fielc 
function is Known to a rather good approximation. The magnetic fie.d 
on the other hand has a much larger proportion of its er.erg. outsicy the 
body, so that calc . atior. of Eq. 3-22 w... oe .ess accurate. 

Equation 3-40 .< ii- r.ov ut .• .-._a:ec a 
order electric field functions gi\er. by Eqs. 3-o 3-. 
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The Bessel function integral may be evaluated from the following rela- 

10 

tion given by Jahnke and Emde, p. 146. 



C 25) 


(3-26) 


(3-27, 


where Eq. 3-26 reduces to Eq. 3-27, since J^p^,) : 
Hence,, 



Straightforward integration utilizing the assumed f(z) 
Eqs. 3 - 10 and 3 -11 yields 


(3-23, 

functions giver, oy 


V.' 

e 


i e , .d 2 

8 o r 






2)1 

I 

J 


As m Eq. 3-2i, the quantity within the orac.<ets approac.;.*. s _:\i:y . 

o,L small and € large. It is interesting to note ir. tms case that 
d 1 r 2 

\\ is simplv tCE times the volume o: tne c.electric c~.ir.cer 
e - ' Z o 
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d. 


Generalized Coupling Between Magnetic Dipoles 


A generalized formula for the coupling coefficient between 
two magnetic dipole resonators will now be derived. The re mators will 
be represented by conducting loops in an arbitrary enclosure, as shown 
in Figure 3-4. The loops have an indue .nee L and are resonated at f 
by series capacitors C., where f = 1 LC- The magnetic dipole 
moment of Loop 1 in Figure 3-4 is given oy Eq. 3-2 as follows 



figure 3-4. Coupled Resonant 
Loops in Arbitrary Waveguide 
Enclosure 

etween the loops, and the induced 
Loop 1. Then, by definition o: mutual 


m,=AI. (3-30) 

where A is the loop area, 1 the 
current, and wh<-re the subscrip: 1 
denotes Loop 1. The magnetic 
stored energy is 

W m! " I L1 1 Z f3 ' 3ii 

Let L m be the m.hial inductance 
voltage m Loop 2 cue to I, in 
mcuctance. 


V 


? 


J-J- I, 


'<; 


The induced voltage is also giver, by the fo.iovi.jg . v ,- r* 

gral relationship 


V 2 



d* 



(3-3 3 


where and are field valui-s m Loop 2 due to the current m Loop i. 
The line integral is evaluated o.f, a closed path along the loop conductor 





and through the capacitor, lhe surface integral is evaluated over the 
area of the loop. Now, let be a mean value in the loop area, A. 
(For small loops, can be taken to be the value at the center of the 
loop. / Then 


V 2 = j ^o?2 • 4 


Now combine Eqs. 3-31 and 3-32 as follows 


Vi 


T7'7Z£W~ 

J m 1 


(3-34) 


(3-35) 


where the coupling coefficient k is equal to L^/L by definition of 
coupling coefficient. Next substitute Eqs. 3-30 and 3-34 into 3-35 
and obtain 


4 H, 
o ~2 


Ti 


Tw 


m 1 


(3-36; 


This formula for the coupling coefficient between two resonant magnetic 
dipoles applies in general,, although derived for a pair of simple ioops. 
The magnetic dipoles can be os any type m any environment including 
free space. 


e. Excitation of a Waveguide by a Niagne \ . 

The general coupling formula, Eq. 3-35, • _•<. 

particularized to the case of a pair of identical magnetic cipcles m a 
waveguide. The notation will follow Coiim. * p. 231-204. Thus, the 
E field of a given waveguide mode is given by 



e ) 
-zo 


(3-37) 
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where subscript p indicates the type and order of tr.e mode (e. g , T£. q, 

TE,,, TM, ,, etc.), e is the transverse component of field, e is the 
11 11 —p -zp 

longitudinal component of field, 7 is the propagation constant, and ± 

P 

denotes the direction of propagation of the v. ave (+ applies to ‘he +z dir¬ 
ection and --to the —z direction). In a similar manner, 


H* = (±h + h ) e^'o 2 
-p ~p -zp 


(3-*b) 


The following power normalization relatior.snip applies to e^ and of 
each mode. 


e X h . da = 
JJ~ P ~P 


0-39) 


where integration is over the transverse cross section of : .e waveguide. 


Tr.e total fields are given b/ the following infinite ss 
mations over all oossible modes 


: + = y a E + , H + = y a H + 

2-. p ~? - p ~p 


' 3-40; 


5- ■ I n 


H - y 3 K 13-4.1 

^ o ~ p 


where a and D are amolitucie factors o: > aves m tr.e L t one —z u r--' - 
p p 

tions, respectively. 


Now assume a magnetic dioole of moment rr. having 
arbitrary orientation and arbitrary location m the z = 0 transverse 
plane. Collin' on p <104 gis ts the following am.pl.races for tr.e v.a'e; 
of type and order p excitec by the magmMc dipole 
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(3-42) 


a 

p 



m 


b 

P 



m 


n 3) 


where H and H ’ are normalized magnetic fields of mode p as defined 
by Eqs. 3-38 and 3-3 9- 


Equations 3-42 and 3-43 give the amplitude of each mode 
excited by the magnetic dipole. In the present case of interest, all 
modes attenuate along the waveguide, that is, I - + jO for all p. In 

the rectangular waveguide geometry of Figure 3-1, the following modes 
have H components in the direction of m ana therefore are excited by ms 
TEjq, TEjq, TE, 2 , TE^ 2 > TM ]2> TMj^. etc. Of these modes, the 
TE, 0 mode has the lowest cut-off frequency,, and therefore the lowest 
attenuation constant. Thus, at a sufficient longitudinal distance from 
the magnetic dipoie, the total field may be represented with sufficient 
accuracy by the TEj^ mode field. The assumption v.ill now be made 
that only the TEjq moae need be considered. In a later report, other 
modes will be added to the analysis, m order to improve the accuracy 
of the coupling formula for close spacing. 


Collin 1 on p. 299 gives the following normalized x- 
directed field component for the TE. . mode. 



(3-44) 


where p = >/u /e = 120r ohms, and 
o o 



(3 -45) 
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In Eqs. 3-44 and 3-45 and in the following analysis, h ,, I\ and o apply 
to the TE ]0 mode, and a and b are the dimensions of the waveguide, as 
shown in Figure 1. The dimension x^ is the distance from a side wall 
of the waveguide to the center of the magnetic dipole, and w; . be as¬ 
sumed equal to a/2. 


Equation 3-42 gives the amplitude of the forward-directed 
TEjq wave excited by an x-oriented magnetic dipole m at z = 0, x = a/2, 
as follows 


a TE10 



(3-46) 


The TE._ mode H field at z = s may now be obtained 
10 x 7 

from Eqs. 3-38, 3-40, 3-44, and 3-46, noting that up \/n = 2ir. 

o 


H 


—Cs 


x2 


TE10 x 



(3-47) 


This will be substituted in Eq. 3-3 6, yielding the following formula for 
TEjQ-mode coupling between two resonant x-directed magnetic dipoles 
on the center-line of a rectangular waveguide 

ae" cs \/ H 1 o m | 2 \ 

ab J \ > 5 



Subscript 1 on m, and W , implies that m ar.d V. :he resonant 
r 1 m 1 r m 

magnetic dipole are evaluated for the sa r.e amplitude of excitation of 
the dipole. Note that the actual amplitude of excitation does not matter, 
since it cancels out when the ratio m^/'V^ | is taken. 

The first factor in Eq. 3- "18 depends only on the constants 
of the waveguide and on the center-to-center spacing s. The second 
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factor depends only on the constants of the magnetic dipoie resonators. 
Before evaluating the second factor in explicit terms, it will be instruc¬ 
tive to consider the factor's basic nature. Let W . = W . at resonance, 

ml e 1 

and use Eqs. 3-4 and 3-23. Thus 


^o m 1 




ml 



Jjje r R x E dv j 2 

JIM 2 


(3-49) 


Now let E = E 0 , where E- is a function of r and z, and is independent 
of e. 


•\> m l 


rw 


m 1 



[Jlv^e dr dz ] 

jJW dr dz 


(3-50) 


Examination of either Eq. 3-49 or 3-50 indicates that the computation 
of u m//2W , is likely to be relatively unaffected by deviations of 

E from the true E function. In fact, these equations have the general 
form of variational expressions in which first-order errors in E pro¬ 
duce only second order errors in the quantity computed. It is not yet 

known whether either Eq. 3-49 or 3-50 has this v~ -s‘--rt-- 

but a preliminary study shows that r: a ^as-i- a. national charac¬ 

teristic exists. Thus, the use of the approximate Eq function ?i-'er \ 
Eqs. 3-6, 3-10, and 3-11 should yield good results in the eomputation 
of the coupling coefficient. 


f. Coupling Coefficient Between Dielectric Resonators 

Equation 3-21 for m and Eq. 3- '.9 for W = W may 
now be substituted in Eq. 3-48, letting it /(Pq,) = ” ’£• 405** = 0.927. 





z 



(3-51) 


In this formula for coupling coefficient, \ is the measured resonant 
wavelength (X. = c/f Q ) resonators. (Measurements reported in 

the next section show that better accuracy results from use of the meas¬ 
ured value rather than the value computed from the second-order 
solution. ) The second-order equations of the First Quarterly Report* 
should be used in evaluating and a^. 



Figure 3-5. 
Within Brace 
e = 100 


Graph of Quantity 
s m Eq. 3-51, 


The quantity within the 
braces in Eq. 3-51 is approxi¬ 
mately equal to unity. This quan¬ 
tity,. as computed by means of the 
second-order solution, is a function 

of the dielectric constant e and the 

r 

c.-mensional ratio L/D of the die¬ 
lectric resonator. Figure 3-5 shows 
a plot of the braced quantity versus 

L/D for the case e - 100.. It is seen 
r 


>uiit (or t-.iD oetween 0 2 .--o 0 

which is believed to include the most practical range _>' l F ::r u-»:- i 
purposes. Over the wider range L/D - 0. 15 to 1.0. the deviation from 
unity is within =4 per cent. 


k = 


Thus, to a good approximation, 

0. 25 £ L/D s 0. 7 


0. 927D 4 Le r ae as 


(3-52) 


abX 
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Equation 3-52 has adequate accuracy for usual filter design purposes. 

If desired, the quantity F(L/D, £ r ) plotted in Figure 3-3 may be applied 
to Eq 3-52 as a correction factor, thus yielding the greater accuracy 
of Eq. 3-51. The plotted function F(L/D,, £ r ) applies to £ f = 100, b> 
holds quite well for widely different values. 

4. Measurement of Coupling Between Resonators 

A series of measurements have been made of the coupling coef¬ 
ficient k between a pair of identical dielectric resonators arranged along 
the center line of a cut-off waveguide. The geometry is that of Figures 
3-1 and 4-1. Two different sizes of resonators were used as follows-' 


-MOVEABLE SLOCK 


pluck yf—DIELECTRIC 

— COUPLING LOOP / RESONATORS 



-COAXIAL '-WAVEGUIDE '-POLYFOAM '—TUNING 

CONNECTOR ENCLOSURE SUPPORT SCREW 


Figure 4-1. Typical Test Fixture for 
Measurement of Coupling Coefficient 
Between Dielectric Resonators 


Pair N'o. 1 
D = 0.3930 
L - 0. 1600 
L/D = 0.407 


Pair No. 2 
D = 0. 3930 
L = 0. 2500 
L/D = 0. 636 


The resonators were ground 
within a tolerance of ±0. 0002 
on diameter and length. The 
material was from me series 
of samples measured during 
the f-rst c” »r. The ire 


quencies and unloaded Q vaiues of this series ol samples srr given i" 

the lr irst Quarterly Report^ in Figure 2-5 and Table 5-2. .is desc.ioed 

in Section 2 of the present report, other pieces from the same series 

were measured to have £ = 97. 6. 

r 


as follows 


The three aluminum waveguides are dimensioned mternally 
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Bm&c > 

: -+ ~L * “ J 


T ; ' •- 4 


<1 • 




>■-■- ' V* _ v -~ 

■it.> • 




,/^'r 


.. 1 »7 






WG No. 1 


WG No. 2 


WG No. 3 


0. 750' 


a = 0.995" 


a = 0.625" 


0. 750 


b = 0. 995 


b = 1.374 


Six sets of coupling data were obtained from the two pairs of resonators 
and three sizes of waveguides. In each case, the resonators were sup¬ 
ported along the center line of the waveguide by means of polyfoam, as 
shown in Figures 4-1 and 4-2. Slots were milled in the polyfoam pieces 
to support the resonant disks along the waveguide center lines. The 
resonator pairs were excited by coupling loops at the ends of coaxial 
lines, as shown in Figure 4-1. The loops were mounted on metal blocks 
machined to fit the inside dimensions of each waveguide. 


POLYFOAM 
SUPPORT - 



.TUNING SCREW 
ON AXIS OF 
RESONATOR 


A band-pass filter consisting 
of a pair of resonators yields a trans¬ 
mission response having two peaks 
when the resonators are ever-coupled; 


that is, when k is greater than k c> 


Figure 4-2 Method of Support- where k, is the critical coupling 
ing and --'•mg the Dielectric yielding a maximally flat response. 


Resonators 


The transmission curve sketched in 


Figure 4-3 shows the typical shape of the peaks, and defines the param¬ 
eters associated with the response.; The __ - -e 

computed from the center frequency f Q , e peas, separation a f, 'no 
transmission dip AD (in db) by means of the followir.j» * e.„ .... 


1 /k ‘ 






CD 

yS. 


If- 












-v 


"S . ' 


AL = 20 log 




n he factor 


UAL) = ■ 


I'-W 




is plotted as a function of AL in Fig¬ 
ure 4-3. Note that this factor is near 
unity, deviating from unity by less 
than 0. 5% for AL > *4 db. By means 
of Figure 4-3 and measured values 

of Af and f , k was obtained for var- 
o 

*ou5 center-to-center spacings of 
the resonators. The loop couplings 
were purposely weak so as to maxi¬ 
mize AL, thus sharpening the peaks 
and making the measurement less 
sensitive to AL. At the largest 
values of s for which measurements 
were taken, AL had diminished to 
_ __ about 3. 0 db, an.' me iactor was 

ZL db , , 

about, l.l. riowever, th" ^are of 

Figure 4-3. Graph of Factor measurement was suv.i deh :- 

f(AL) Used in Measurement of loration of . ccuracy is not noticeable 

Coupling Coefficient Between 

Two Resonators * n *hese cases. 


When making the coupling measurement, the resonant 
frequencies of the two resonators must be ider-t:ral. The freo”encies 
of corresponding resonators differed bv about 0. 5 pe* cent, which was 
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excessive for the coupling measurement. It was fT'and that a resonator 
could be conveniently tuned by means of a screw introduced from a side 
wall of the waveguide on the axis of the resonator. The predominant 
field in this region is magnetic. The effect of the screw is t reduce 
the stored magnetic energy of the resonant mode, thus raising the res¬ 
onant frequency. This is opposite to the usual effect of a tuning screw 
in a cavity, which acts to increase the electric stored energy, and 
thereby lower the resonant frequency. In order to achieve an adequate 
effect on the magnetic stored energy, the screw must be relatively 
large. A quarter-inch diameter screw was found to be properly pro¬ 
portioned for the 0. 4-inch-diameter dielectric resonators. For ex¬ 
ample,- with this size screw, the resonant frequency was increased by 
one per cent when the end of the screw was spaced about 0. 15 inch from 
the resonator. The procedure used in obtaining the coupling data was 
to tune the resonator having the lowest resonant frequency so that the 
frequency spacing betwe n the pair of peaks was minimized, thus as¬ 
suring synchronous tuning. 

The measured values of k versus s for the six cases are 
plotted in Figure 4-4. The measured points fall along smooth curves 
that can be used for design purposes. At other center frequencies, all 
dimensions should be scaled proportional to \ . However, design use 
of Figure 4-4 requires that be in the vie' '* 07 f"* avsmnle, 

in the range 90 tc 105. A gdesign .uia is clearly ne ;ceq m 
view of the restriction placed or. dielectric constant =>:d "‘in. 
the impracticability of obtaining data for all useful situations. 

The coupling formula, Eq. 3-51, has been evaluated for 
the six cases of Figure 4-4, utilizing the respective dimensions and 
center frequencies, and € - 97. 6. The formula is plotted for each 

case in Figure 4-5, with the exp-.’ mamal points shown for comparison. 
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(a) (b) 





03 ’0 IS 20 


S < «c^i> 



Figure 4-5. Comparison of Expciimental and Tneo 
Coefficient Data 
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The computed curves are straight lines on a semi-log gnph, with the 
slope determined by a, the waveguide attenuation of the TEjq mode. 
The experimental data is seen in each case to have the correct slope 
when the center-to-center spacing s exceeds roughly 0. 75 times th 
larger of either a or b. This behavior is to be expected, since for 
larger s the TEjq mode predominates, while for smaller s higher 
mode coupling contributes significantly to total coupling. Jn the region 
of s greater than about 0.75 times the larger of a or b, the measured 
and calculated coupling-coefficient curves agree within about ±10 per 
cent. The theoretical values are in some cases higher than the meas¬ 
ured values, and in other cases lower. This amount of discrepancy 
compares very favorably with that occurring in applications of small- 
aperture theory to filter design. The accuracy of Eq. 3-51 is con- 
sideied adequate for ordinary design purposes, when s exceeds 0. 75 a 
and 0. 75 b. 


For L - 0. 160 inch the simplified coupling formula,; 

Eq. 3-52, yields values essentially the same as those from Eq. 3-51,, 
while for L = 0. 250 inch Eq. 3-52 is about 1. 7 per cent higher than 
Eq. 3-51. (These differences are obtained immediately from Figure 
3-5, in which the ratio of the two equations is plotted. ) The general 
direction of the difference is such that the disagreement between meas¬ 
urement and theory is greater for the simplified f~ (r.- 

more complex formula. However,, . Jdltiona 1 !. 1 ; t.- cent error 
is not likely to be significant m most practical design appHc.-tiees. 
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SECTION V 


CONCLUSIONS 


Air gaps of even 0. 0001 inch can cause serious errors in the 
measurement of high dielectric constant. Two methods were perfected 
that are insensitive to air gaps. This insensitivity results from the 
use of modes having zero electric field at dielectric surfaces adjacent 
to metal walls.- The measurement accuracy is at least within 1 per 
cent. These methods utilize cylindrical dielectric samples that can 
be the actual resonators of a filter. The two methods should have wide 
general utility for the measurement of high dielectric constant materials. 

Measurements on one batch of dielectric samples obtained from 
American Lava Corp. indicated a variation of dielectric-constant values 
that con elated very well with the densities of the individual samples. 
Dielectric constant values obtained for several Signal Corps samples 
confirmed the supposition in the First Quarterly Report that the second- 
order solution yields resonant frequencies about 10 per cent too low. 

It has been found feasible to calculate the magnetic dipole mo¬ 
ment and stored energy of dielectric resonators. Ir. terms of these 
and other basic parameters, a useful couo 1 ’formula has 
been derived. The formula values • it'-.r. -10 per cent u meas 

ured data in its range of validity. At present the formula :s r..* ac 
curate in the case of close spacings. However, an extension of the 
analysis is believed feasible to improve mat situation. 
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SECTION VI 


PROGRAM FOR NEXT INTERVAL 


Further work will be done on the two methods of dielectric - 
constant measurement in order to resolve their minor disagreement, 
and to define more precisely their sources of error. 

The theoretical analysis will be extended to include higher-mode 
terms. Also, other useful coupling configurations will be treated. 

Measurements will be made on a series of one- and two-resonator 
band-pass filters in order to determine the effect of waveguide-wall prox¬ 
imity on the effective unloaded Q values. The data will indicate the smalle 
allowable dimensions of the metallic enclosure, and hence the minimum 
feasible volume of a complete dielectric-resonator filter. Certain prac¬ 
tical problems relating to filter construction will be explored. 
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